Fluorescent penetrant inspection is the most widely used method for aerospace components such as critical rotating components of gas turbine engines. Successful use of FPI begins with a clean and dry part, followed by a carefully controlled and applied FPI process, and conscientious inspection by well trained personnel. A variety of cleaning methods are in use for cleaning of titanium and nickel parts with selection based on the soils or contamination to be removed. Cleaning methods may include chemical or mechanical methods with sixteen different types studied as part of this program. Several options also exist for use in drying parts prior to FPL Samples were generated and exposed to a range of conditions to study the effect of both drying and cleaning methods on the flaw response of FPI. Low cycle fatigue (LCF) cracks were generated in approximately 40 nickel and 40 titanium samples for evaluation of the various cleaning methods. Baseline measurements were made for each of the samples using a photometer to measure sample brightness and a UVA videomicroscope to capture digital images of the FPI indications. Samples were exposed to various contaminants, cleaned and inspected. Brightness measurements and digital images were also taken to compare to the baseline data. A comparison of oven drying to flash dry in preparation for FPI has been completed and will be reported in Part I. Comparison of the effectiveness of various cleaning methods for the contaminants will be presented in Part II. The cleaning and drying studies were completed in cooperation with Delta Airlines using cleaning, drying and FPI processes typical of engine overhaul processes and equipment. FIGURE 5. Brightness results for Ti shown above and Ni below. Flash dry points shown in greens and oven dry points shown in orange. Note that two flash dry runs and two oven dry runs were completed for each sample.
INTRODUCTION
Fluorescent penetrant inspection (FPI) plays a crucial role in the overall inspection strategy for commercial jet engines with over 90% of metallic components receiving at least one fluorescent penetrant inspection as part of production qualification. FPI also plays a critical role in inservice maintenance and overhaul for the commercial aircraft industry. For FPI to provide effective crack detection, the defect must be clean, dry, and open to the surface. Inservice inspection brings with it unique challenges brought about by service induced conditions and/or materials used as part of the maintenance process which can impact the effectiveness of FPL With several methods approved for part cleaning and drying in preparation for FPI, the purpose of this program was to compare approved drying methods and to evaluate the effectiveness of a variety of cleaning methods on a range of typical contaminants. Three separate one-week studies were then held at an airline overhaul facility which enabled consideration of typical cleaning methods and realistic inspection set-ups. The first study provided baseline data for the samples and compared two drying techniques, flash dry and oven dry. The second study compared cleaning methods used for removal of service coatings (anti-gallant, RTV, and high temperature sealant) and oil contamination. Between the second and final study, the samples were exposed to various conditions to generate oxidation/scale, soot, or coke/varnish conditions. The third study evaluated the removal of these "baked-on" contaminants. The work is described in two separate documents. Part I provides details of the sample fabrication, measurement techniques, and results of the drying study while Part II provides results of the cleaning study.
APPROACH
The program team, comprised of inspection and cleaning personnel from the major engine manufacturers, airlines, and academia began the study with a review of current literature [1] and standard practice manuals, followed by a survey of practices in use by the aircarriers and OEMs to clean engine hardware. Input from the survey was utilized to prepare a matrix of cleaning methods versus the contaminants for which they are typically applied and to determine drying study parameters. Samples were fabricated using threepoint bending to generate low cycle fatigue (Icf) cracks with lengths ranging from 20 to 140 mils in nickel and titanium. Characterization included optical microscopy and FPI measurements. Quantitative measurements were made of brightness and UVA indications were digitally recorded to monitor changes in the flaw indication. After completion of characterization of the samples using laboratory facilities at Iowa State University, the samples were shipped to the Delta Airlines engine maintenance facility. At Delta, typical industrial cleaning and drying facilities were used to complete the comparative studies as described below.
SAMPLE FABRICATION
Samples were fabricated from Titanium-6Al-4V and Inco718 plate such that the rolling direction of the plate was parallel to the width of the specimen. Samples of 6" x 1" x 0.5" were fatigued in three-point bending at 80% of the yield strength. A load ratio of 0.1 was used during the low-cycle fatigue process, and yield strengths of 104 ksi for titanium, and 120 ksi for Inconel were assumed. Sample width and thickness, and the span between the bottom bending supports were used to determine the exact load settings required. Starter features were introduced into the samples using either tack welds or EDM notches. After crack initiation, the starter features were removed by sanding with Si0 2 paper and mechanical cycling continued until the crack had reached the desired size. Digital micrographs were captured at 100X for each sample for comparison of surface and crack characteristics after the cleaning processes. Full details of the sample preparation and engineering studies are available in the final report for the program.
BASELINE CHARACTERIZATION
In preparation for the engineering studies to be performed in the airline shop environment, samples were fully characterized at ISU. In addition to the optical micrographs described above, each sample was inspected with FPI three times to remove those samples with inconsistent results. Samples were cleaned in an acetone bath with ultrasonic agitation for 30 minutes prior to FPL Samples were viewed under blacklight prior to processing to ensure no contamination and then dried at 160F for 30 minutes prior to FPL Because ISU does not have a large FPI line, samples were run in batches of 5 to 8 samples. Processing steps were completed using 32 oz. jars as shown in Figure 1 . The FPI process consisted of a 20-minute penetrant dwell, 90-second pre-rinse, 120-second emulsification, 90-second post-wash, 8-minute dry at 140°F, and a 10-minute development time. The FPI products included Magnaflux ZL-37 Penetrant (level 4, post emulsifiable penetrant), Magnaflux ZR-10B Emulsifier at 19% concentration, and Magnaflux ZP-4B Developer. The penetrant was applied in a dip and drain fashion. The developer was applied by dragging the samples through the dry developer and allowing them to dwell by standing on their side for the full ten minutes.
After FPI, each sample was examined under a Photo Research (PR-880) photometer to determine the brightness of the FPI indications. Maintaining consistent spacing and a common angle is important to the overall repeatability of the spotmeter measurements. A rigid fixtured stand was fabricated of components typically used for optical labs as shown in Figure 1 Figure 1 (c) shows the focal spot size over which the brightness reading will be taken. The focal spot is being shown on a fluorescent intensity card that is used as part of the setup verification. Fluorescent tubes were used for more even UV illumination, as "hot spots" would affect consistency of readings. The center of the focal spot of the PR-880 was placed over each crack indication to reduce variation in the brightness reading. The brightness reading was made with the focal spot over the crack and a background reading was made with the focal spot just to the side of the crack in a representative area. The "corrected brightness" was arrived at by subtracting the background from the brightness reading. All values of brightness used in the evaluation and in the plots shown in this report are of the "corrected brightness" and are reported in foot-Lamberts. After completion of the brightness measurements, indications were captured at 40X magnification using a Moritex video microscope through the use of an Olympus high-intensity ultraviolet (UVA) light source. The same setup was utilized for the field inspections at Delta. The setup was designed for easy portability but repeatable performance. Note that while UVA images were captured for most of the indications, in some instances during the field studies and after the baked-on contamination processes, the indications were sufficiently dim that image capture was not possible. penetrant), Magnaflux ZR-10B Emulsifier at 19% concentration, and Magnaflux ZP-4B Developer. The penetrant was applied in a dip and drain fashion. The developer was applied by dragging the samples through the dry developer and allowing them to dwell by standing on their side for the full ten minutes.
After FPI, each sample was examined under a Photo Research (PR-880) photometer to determine the brightness of the FPI indications. Maintaining consistent spacing and a common angle is important to the overall repeatability of the spotmeter measurements. A rigid fixtured stand was fabricated of components typically used for optical labs as shown in Figure 1 (b). Figure 1 (c) shows the focal spot size over which the brightness reading will be taken. The focal spot is being shown on a fluorescent intensity card that is used as part of the setup verification. Fluorescent tubes were used for more even UV illumination, as "hot spots" would affect consistency of readings. The center of the focal spot of the PR-880 was placed over each crack indication to reduce variation in the brightness reading. The brightness reading was made with the focal spot over the crack and a background reading was made with the focal spot just to the side of the crack in a representative area. The "corrected brightness" was arrived at by subtracting the background from the brightness reading. All values of brightness used in the evaluation and in the plots shown in this report are of the "corrected brightness" and are reported in foot-Lamberts. After completion of the brightness measurements, indications were captured at 40X magnification using a Moritex video microscope through the use of an Olympus high-intensity ultraviolet (UVA) light source. The same setup was utilized for the field inspections at Delta. The setup was designed for easy portability but repeatable performance. Note that while UVA images were captured for most of the indications, in some instances during the field studies and after the baked-on contamination processes, the indications were sufficiently dim that image capture was not possible.
Brightness measurements were repeated at least three times for each sample as part of the baseline process. This enabled optimization of the sample characterization procedures and allowed removal of samples that did not give repeatable performance. Brightness measurements were repeated at least three times for each sample as part of the baseline process. This enabled optimization of the sample characterization procedures and allowed removal of samples that did not give repeatable performance. Brightness measurements are provided in (a) for nickel and (b) for titanium. The samples are shown in order of increasing brightness with the actual values shown by points with an average indicated by the line. The samples were well behaved and the decision was made to proceed with the drying study at the field location. There was somewhat more variation in the Ti samples than the Ni which was attributed to occurrence of bleedout in the Ti samples which resulted from polishing artifacts in some samples. 
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Brightness measurements are provided in Figure 2 (a) for nickel and (b) for titanium. The samples are shown in order of increasing brightness with the actual values shown by points with an average indicated by the line. The samples were well behaved and the decision was made to proceed with the drying study at the field location. There was somewhat more variation in the Ti samples than the Ni which was attributed to occurrence of bleedout in the Ti samples which resulted from polishing artifacts in some samples.
FIELD STUDY METHODS
As indicated earlier, the most meaningful comparison of drying and cleaning methods required access to typical industry facilities. Through on-going interactions between the FAA-funded research programs at ISU and Delta Airlines, arrangements were made to utilize the Delta facilities in Atlanta, Georgia. Three separate one-week visits were required to complete the full experimental matrix planned for the program. Delta 
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FIELD STUDY METHODS
As indicated earlier, the most meaningful comparison of drying and cleaning methods required access to typical industry facilities. Through on-going interactions between the FAA-funded research programs at ISU and Delta Airlines, arrangements were made to utilize the Delta facilities in Atlanta, Georgia. Three separate one-week visits were required to complete the full experimental matrix planned for the program. Delta made available an auxiliary penetrant line for the weeklong testing sessions. Brightness measurements and UV images of crack indications were processed in the nearby penetrant viewing area. This proved ideal, as there was no interference with their production inspection and any concerns over interruptions with the experimental studies due to the processing of test samples with non-test items were eliminated. The chemistry utilized was considered a typical penetrant and its use in this study should not be construed as a preferential endorsement of a particular brand. The same penetrant chemistry was used in the baseline studies at ISU and the field studies at Delta. The penetrant used was Magnaflux ZL-37, batch 99M052. This is a method D, post-emulsifiable penetrant rated at level 4 sensitivity in QPL-AMS-2644. Fluorescent penetrant processing was consistent within the limits of AMS 2647B and ASTM E 1417, for all the various studies including the baselining of fatigue crack specimens to establish individual crack brightness and crack length under black-light conditions as well as the drying, cleaning, and etch studies.
Specimens were processed in stainless steel baskets that held approximately 20 specimens. Specimens were arranged on two sides of the basket with each specimen standing on one end and inclined at approximately a 70 degree angle leaning against the long side of the basket as shown in Figure 3 (a). The fatigue cracks always faced up or towards the center of the baskets. Following a brief immersion in the penetrant solution, specimens were lifted out via a lowervator and allowed to drain or dwell for 30 minutes. made available an auxiliary penetrant line for the weeklong testing sessions. Brightness measurements and UV images of crack indications were processed in the nearby penetrant viewing area. This proved ideal, as there was no interference with their production inspection and any concerns over interruptions with the experimental studies due to the processing of test samples with non-test items were eliminated. The chemistry utilized was considered a typical penetrant and its use in this study should not be construed as a preferential endorsement of a particular brand. The same penetrant chemistry was used in the baseline studies at ISU and the field studies at Delta. The penetrant used was Magnaflux ZL-37, batch 99M052. This is a method D, post-emulsifiable penetrant rated at level 4 sensitivity in QPL-AMS-2644. Fluorescent penetrant processing was consistent within the limits of AMS 2647B and ASTM E 1417, for all the various studies including the baselining of fatigue crack specimens to establish individual crack brightness and crack length under black-light conditions as well as the drying, cleaning, and etch studies. Specimens were processed in stainless steel baskets that held approximately 20 specimens. Specimens were arranged on two sides of the basket with each specimen standing on one end and inclined at approximately a 70 degree angle leaning against the long side of the basket as shown in Figure 3 (a) . The fatigue cracks always faced up or towards the center of the baskets. Following a brief immersion in the penetrant solution, specimens were lifted out via a lowervator and allowed to drain or dwell for 30 minutes. Following 30 minutes of dwell time, the basket of specimens was pre-rinsed for two minutes to removed excess penetrant from the specimens. Emulsification was performed with a nominal 20% solution of Magnaflux ZR-10B, batch 01B065 which is compatible with the Magnaflux ZL-37 penetrant. A lowervator as shown in Figure 3 (b) cycled the baskets up and down in the emulsifier solution for three cycles giving a total of two minutes of emulsification including a 10 second drain. Post-rinsing as with the pre-rinse Figure 3 (c) was also for two minutes as discussed earlier. The spraying was at 12-18 inches from the surfaces with 90 seconds of that time concentrated on the crack surfaces. Following 30 minutes of dwell time, the basket of specimens was pre-rinsed for two minutes to removed excess penetrant from the specimens. Emulsification was performed with a nominal 20% solution of Magnaflux ZR-10B, batch 01B065 which is compatible with the Magnaflux ZL-37 penetrant. A lowervator as shown in Figure 3 (b) cycled the baskets up and down in the emulsifier solution for three cycles giving a total of two minutes of emulsification including a 10 second drain. Post-rinsing as with the prerinse Figure 3 (c) was also for two minutes as discussed earlier. The spraying was at 12-18 inches from the surfaces with 90 seconds of that time concentrated on the crack surfaces. The 90 seconds was divided between all specimens in the basket which doesn't mean that every sample was rinsed for 90 seconds. A 150°F ten-minute dry in a circulating-air oven dryer (Figure 3 (d) ) was determined to be an adequate time to remove water from the specimens. Time and temperature were held constant throughout the studies. Type A or dry developer was next applied by holding the specimen ends and dragging through Magnaflux ZP-4B as shown in Figure 3 (e). A plastic container was used to hold an appropriate amount of the developer to assure adequate sample coverage. The samples were laid in a tray by order of development and a timer was started. The tray of specimens was then transported to the inspection booth where brightness measurements and UV photographs were taken in the same order as which the parts were developed. The spotmeter setup is shown in Figure 3 (f). After each brightness measurement was completed and recorded, a digital recording of the UVA image was made using the same equipment and software as at ISU.
DRYING STUDY RESULTS
Two drying methods were evaluated:
1.
Flash Dry: the flash dry process requires that the components which have been through the cleaning process receive a final immersion rinse in a clean water bath at 150F to 200F (66C) for sufficient time to allow the component to reach the temperature of the water. The component is then removed and allowed to "flash dry" as evidenced visually by the rapid evaporation of the water from the part.
2.
Oven Dry: the use of forced air ovens to dry the part after cleaning completion and prior to application of the penetrant solution. AMS 2647B recommends that the oven temperature not exceed 225°F. There are some Standard Practice Manual (SPM) requirements that critical components be dried for a minimum of 1 hour at a temperature of 248 F (120 C). Note that if the surface temperature of the component can be measured (e.g. load thermocouple), the time in the oven can be reduced to 10 minutes from the time the surface has reached that temperature.
It was decided by the team to use parameters from AMS 2647B. The minimum flash dry temperature of 150F and an oven dry temperature of 225°F (107°C) were selected for this study. Delta Airlines facility was selected for these studies because they have available part drying ovens in the FPI area and flash dry capabilities as part of their cleaning line. Figure 4 (a) shows the hot water rinse tank that is used for flash drying parts at Delta. For the duration of the flash dry study, the flash dry tank temperature was lowered to 150F from Delta's normal operating temperature of 185°F. Figure 4 (b) shows the oven drying facility which includes three independently controlled ovens. One of the ovens was made available for the study and was set at 225°F (107°C) throughout the three studies. Samples are placed at the entry point of the oven and automatically pulled into the (a) furnace through a conveyor belt. They are cycled through the full length of the furnace over a 30-minute duration and exit the sample at the point shown in Figure 4 (b) .
The first step at Delta was to complete two baseline runs of the samples for comparison to the results at ISU. Consistent results were found between the two locations methods is shown as solid lines. The solid red line indicates the average for the four baseline runs (two pre and two post). Comparison of UVA lengths showed less variability than the brightness. In general, the Ti samples show more variability than the Ni samples which is attributed to the occurrence of bleed-out in the Ti samples, an artifact of the sample preparation process. Linear regression analysis was performed for brightness (upper) and UVA length (lower) measurements. Statistical analysis revealed no significant differences between the two drying methods for the samples and temperatures used in this study.
CONCLUSIONS
• Statistical analysis of brightness and UVA lengths did not reveal significant differences between the two drying methods at the temperatures used in this study, i.e., flash drying at 150°F and oven drying at 225°F.
• Potential factors that were not considered in the current study are the effect of thermal mass, potential differences in penetrant level, and a range of drying temperatures. Additional studies that explore these factors are recommended.
• While significant differences were not found between the two methods, the importance of process monitoring and control for either method should be emphasized in specifications, standard practice documents, and training/guidance materials. Without careful adherence to the recommended practices, reductions in detectability can occur with either method.
• A comparison of the results of quantitative brightness measurements such as completed in this program and the more traditional POD study is recommended. and the decision was made to proceed with the drying study. The samples were subdivided into two sets of twenty Ti and twenty Ni samples for processing in baskets as described earlier. Each sample underwent flash dry and oven dry steps twice, followed by two post baseline runs. Brightness results are shown in Figure 5 . The values are shown as open symbols for flash drying and filled symbols for oven drying. The solid line indicates the average for the four baseline runs (two pre and two post). Comparison of UVA lengths showed less variability than the brightness. In general, the Ti samples show more variability than the Ni samples which is attributed to the occurrence of bleed-out in the Ti samples, an artifact of the sample preparation process. Linear regression analysis was performed for brightness (upper) and UVA length (lower) measurements. Statistical analysis revealed no significant differences between the two drying methods for the samples and temperatures used in this study.
1. Statistical analysis of brightness and UVA lengths did not reveal significant differences between the two drying methods at the temperatures used in this study, i.e., flash drying at 150°F and oven drying at 225°F. 2. Potential factors that were not considered in the current study are the effect of thermal mass, potential differences in penetrant level, and a range of drying temperatures. Additional studies that explore these factors are recommended. 3. While significant differences were not found between the two methods, the importance of process monitoring and control for either method should be emphasized in specifications, standard practice documents, and training/guidance materials. Without careful adherence to the recommended practices, reductions in detectability can occur with either method. 4. A comparison of the results of quantitative brightness measurements such as completed in this program and the more traditional POD study is recommended.
